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strain-to-failure of approximately 3 as opposed to 1 in the as-cast condition

at a strain rate of 0.1 s- . The optimal strain rate for hot working this

Al-8.5 wt% Mg alloy is considerably lower than the nominal 1.2 s- typically

used in commercial practice for many other Al-Mg alloys. In particular, a

strain rate between approximately 0.1 and 0.01 s - 1 gives the highest measured

strain-to-failure for the alloys containing 0 and 2 ppm sodium. High strain

rates and/or higher deformation temperatures promote a brittle quasi-cleavage

fracture morphology that reflects the alloy's low ductility under these normal

commercial hot-working conditions. A rolling trial using laboratory-scale

ingots was successfully conducted with minimal edge cracking using the

parameters determined from the hot-torsion tests.
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I. INTRODUCTION

Alumirm magnesium alloys are technologically useful for their medium-

to-nign strength, low density, good corrosion resistance, and weldability,

which varies from acceptable to excellent. The strength of this alloy

subsystem results primarily from Mg solid-solution strengthening and a very

strong coid-working response. Alloy strength generally increases with

Lncreasing Mg content, but the amount of Mg that can be practically alloyed is

iimited by susceptibility to stress-corrosion cracking (SCC) and by reduced

hot workability. Indeed, the most commonly used Al-Mg alloys rarely have

aoove about 5 wt7i Mg because of these problems.

Al-Mg alloys with 4-5 wt% Mg are extensively used for armor plate

applications, but designers would like to have Al-Mg alloys available at

higher strength levels. Development of AI-8.5 wt% Mg alloys has shown the

promise of increased strength, which may provide the potential for improved

ballistic performance, but poor not workability has been a problem limiting

alloy introduction. Specifically, aluminum alloys containing 8.5 wt% Mg have

a tendency for severe edge cracking when rolled into plate and sheet.

Edge cracking in Al-Mg alloys has been shown to correlate with sodium

impurities, ( 1-4 ) which are expensive to reduce below certain levels. In

addition, Al-Mg ailoys are embrittled at hot working temperatures by sodium

leveis that have no adverse effect on other alloys.

Talbot and Ransley ( 1,2 ) have proposed an explanation for the

embrittling effect of sodium. They suggest that free sodium, i.e., not

chemically bound, moves freely in aluminum alloys and is absorbed on internal

crack surfaces or grain boundaries, which leads to embrittlement. Silicon, an

impurity in virtually all commercial aluminum as well as Al-Mg alloys,

immobilizes the sodium by forming a Na-Al-Si complex, thereby decreasing its

embrittting effect. However, in aluminum alloys containing more than about

2 wt$ Mg, Mg2 Si precipitatLon occurs preferentially, thereby leaving the Na

free to cause embrittlement.



!gnifica.r: scrap losse3 can occur from sodium impurity in Al-Mg

alloys. Far example, mil recovery of AI-4.4 wtM Mg alloy 5182 is quite high,

80', at low socium _evels, but decreases sharply and drastically to less

tnan 20f at nigher -eveis (see Fig. 1). Such mill recovery data are acquired

:rom proouott3r u lems, painfully and expensively, but are obviously not

aval-atle as a rew o s introduced. Furthermore, commercial-scale

exoeriTen:s tna: assess ma,_erial loss from edge cracking, or address other not

worKing issues, are rot practical because of the expense of casting and

scrapping 'u' - to 2U,000-lb ingots containing different sodium levels.

Consequently, _acoratory-scale not-working simulators have been developed to

efficiently optimize not worKing practices. The hot-torsion machine (5 - 7 ) is

perhaps tne most iavantageous such simulator oecause it provides information

on tne materia's resistance to deformation (flow stress) and hot ductility

kstrain-to-Cai re); tne latter is related to edge cracking resistance.

The hot-torsion machine has been utilized to optimize homogenization

practices for several commercial A!-Mg alloys,(8,9) as well as to identify

advantageous hot worKing regimes, i.e., those with relatively low flow stress

and hign strain-to-failure. In addition, it has been used to compare the hot

workability of Al-Mg alloys cast by different techniques. For example,

Pickens et ali.(8 ) compared the workability of A1-4.4 wt% Mg alloy 5182 cast

conventionally, i.e., by the direct chill (DC) casting process, and by

electromagnetic casting (EMC). The 5182 EMC displayed greater hot ductility

than the 5182 DC which was attributed to the former's finer cast structure.

In addition, when the homogenization practices for each were optimized, the

5182 EMC responded more quickly to homogenization, once again because of its

finer structure.

Precht and Pickens (9 ) also used the hot torsion machine to optimize the

hot-working practice of AI-2.5 wt; Mg alloy 5052. Homogenization temperature

and time, as well as deformation temperature and strain rate, were optimized

using tnis lab-scale simulator. The hot-working parameters identified by hot

torsion reduced edge cracking in a plant trial. (1 0)

In the present investigation, the hot workability of Al-8.5 wt% Mg

alloys is studied by not torsion testing to develop homogenization schedules,

2
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Fig. 1 Hot-mill recovery of Al-Mg alloy vs total sodium content.

Courtesy H. Shillinglaw, from memo to J. Pickens 1979

[The exact Na levels are not provided for proprietary reasons.]
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1. MATERIALS AND EXPERIMENTAL PROCEDY;rCZ

During this program, much effort was expended in preparing suitable

model alloys for evaluation. Accurate measurement of Na content was extremely

difticulz, yet important before performing the major thrust of the program--

hot-tors-on testing. Consequently, the following section on materials and

e:perimental procedures is necessarily detailed.

A. PHASE I

fhe Ai-8.5,0 Mg alloys used in this study were prepdred using induction

meitlng furnaces manufactured by Ajax Magnethermic Corporation (1250 V, 2400

KVA, 1920 A, 100 kW, 3000 Hz) and clay-bonded graphite crucibles. Cylindrical

ingots nominally 16 cm (6.3 in.) in diameter and 35 cm (14 in.) in height and

weigning approximately 20 kg (44 Ib) were cast in a water-cooled bronze

mold. The charge material used for the castings was 99.99% pure aluminum pig

produced by Alcoa and master alloys from the KBI Division of Cabot

Corporation. The compositions are given in Table I.

Table I

Chemical Analysis of Master Alloy Charge (wt%)

Mn Cr Si Fe Cu Zn

*A 0.003 0.001 0.001 <0.01 0.007 - -

"-Mg 24.7 0.003 0.003 0.015 0.084 - -

Al-Cr 0.01 0. 004 9.47 0.059 0.16 - -

Al-Mn ,0 0I 23.5 0.005 0.047 0.050 - -

A I0-S 0.002 0.004 0.002 50.5 0.12 0.002 0.006
Al-Cu O.002 0.004 0.002 0.057 0.20 20.9 0.067
Fe 0.18 003 0.08 0.03 bal 0.27 0.23

*Uniess stated otL,:r,,i>, this notation denotes weight percent.

* 5



A 12 cm (5 Lr. i)rsuiating ceramic fiber extension on top of the mold

was devised and utziizec as a hot-top to minimize the extent of the pipe

cefect during ingot solidification. Standard chlorine-pellet fluxing was used

to reduce gas porosity due to dissolved hydrogen and also to scavenge sodium

impurities. nIowever, cniorine readily combines with the magnesium to form

MgCi2 and MgCl2 * MgO, which float to tne surface as slag and dross. Thus,

.Dr the specific melt size used (23 kg; 50 Ib) and fluxing technique, it was

cetermined that a total addition of 9.2% Mg was required to yield the desired

8.5" Mg. The ingots were poured at a nominal temperature of 670°C (12400F)

wnich is a relatively low melt superheat. Low superheat, along with the water

cooling of the moia, refines oendrite and cell size, thereby ieading to

increased homogeneity.

The effect of alloy purity on hot workability was examined by casting

commercial- and enhanced-purity variants of the alloy containing nominally Al-

8..Mg-,0.5Mn-0. 'Cr-i.4Fe-0.25Si-O.!Cu-0.2Zn and AI-8.5Mg-0.5Mn-O.ICr-0.05Fe-

O.05S1-0.0 1Cu-O.u'Zn (wti), respectively, with less than I ppm Na by weight.

The measured chemical compositions of the ingots are given in Table I.

Hot torsion specimens of dimensions shown in Fig. 2 were machined from

as-cast and homogenized blanks at equiradial locations 1.5 cm (0.75 in.)

beneath the ingot surface. This location was chosen such that all sample

blanks were within the equiaxed grain region of the casting, away from the

columnar grains growing inward from the surface. In addition, inverse

segregation results in a surface region enriched in impurities and

magnesium. For example, a chemical analysis of the first standard purity

ingot at a location 2 mm beneath the surface showed AI-9.59Mg-0.51Mn-0.10Cr-

..-. . ,.n. The homogenization treatments investigated

consisted of solutionizing at 427°C (800'F) for 16 h followed by an additional

8 h at one of four temperatures between 471 and 504°C (880, 900, 920, and

9gO°F). The initial 427°C treatment was required to dissolve the

nonequilibrium eutectic phases into solid solution, as will be discussed.

Selected samples were hot isostatically pressed (HIPed) to determine whether

casting porosity was affecting strain-to-failure.
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Fig. 2 Schematic of hot torsion specimen.
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Table I I

Ingot Compositional Analysis in Weight Percent

(Inductively Coupled Plasma (ICP) Technique)

M Mn Cr 3i Fe Cu Zn Na

Stand~ar ?ur Lty

0.50 O.10 0.10 0.38 0.11 0.15 --

2 8.63 0.48 0.10 0.22 0.39 o.12 0.21 0
3 8.20 0.51 O.11 0.1l 0.31 0.09 0.11 0

Enhanced Purity

1 8.70 0.48 0.10 0.08 0.049 >0.002 0.002 --

2 8.47 0.49 0.10 0.044 0.086 0.002 0.002 0
3 8.59 0.53 0.094 0.011 0.044 0.002 0.002 0
4 8.78 0.53 0.10 0.037 0.053 0.003 0.003 0

* Sodium analysis below I ppm detection limit using optical emission technique

at both Reynolds Metals Co. and Commonwealth Aluminum. Scatter and insuffi-
cient precision occurred when using ICP.

Hot-torsion tests were initially conducted at an equivalent tensile

strain rate of 1.2 s-1 at a deformation temperature of 4711C (8801F) to

examine the effects of alloy purity and homogenization practice on hot

workability. However, under these testing conditions, the extremely low

ductility (strain-to-failure <0.05) precluded an accurate assessment of these

variables. As-cast specimens were then deformed at 260 to 427°C (500, 600,

700, and 800'F) to determine a suitable deformation temperature for the

homogenization study. Later it was learned that a lower strain rate, namely

0.1 S-1, was a more appropriate testing parameter and subsequent tests were

performed at this strain rate and a deformation temperature of 4270C (8000F).

The equivalent tensile flow stress (a0 ) for each hot torsion test was

calculated from the maximum applied torque (M) achieved during dcformation



using both the Von Mises criterion and the simplified Fields Backofen

equat lon ( 1):

0o = 3,/- M/2lr3

where r is the radius of the specimen gauge section. The equivalent tensile

true strain-co-failure (Er) was calculated from the true surface shear strain

at failure (yf) and the Von Mises criterion:

Ef

where yf is given by:
r8

Yf- L

where L is the gauge length and 6 is the angular displacement at failure.

The hot torsion tests were conducted with unconstrained axial motion to

prevent axial stresses from developing during the tests. The axial

displacements were measured continuously during each test with a linear

variable differential transducer (LVDT). The specimen elongations never

exceeded 300 im before failure and therefore little error was associated with

this parameter.

B. PHASE II

The enhanced-purity composition of Phase I was used to optimize the

homogenization time and deformation temperature of the alloy. A two-stage

homogenization schedule was found to be necessary since metallographic

examination showed the presence of non-equilibrium eutectic 6 phase (Mg2AI3 )

which would cause liquation above 450 0C (8420F). Sample coupons were

homogenized at a series of times between 0 and 16 h at 427 0C (800%F) and

metallographically examined to determine the length of time required to bring



tne 5 Phase into solution for stage-1 homogenization. Stage-2 homogenization

oa hot-torsion specimens was performed between 0 and 12 hours in two-hour

increments at 482'C (900F), wnich was determined to be the optimum

temperature in Phase I. Using the hot torsion results, including flow stress

and strain-to-failure, the optimum homogenization schedule was determined.

The preferred working temperature for the alloy was determined by

conoucting hot torsion tests on both as-cast and 8-hour stage-2 homogenized

specimens. Deformation temperature was varied between 315'C and 504 0C (600,

700, 750, 800, 850, 900, and 940 0F) to determine the temperature giving the

best combination of high Lf and low o. Tests were conducted at strain rates

of 1.2 and 0.1 s

C. PHASE III

The objective of the Phase III research was to evaluate the influence

of sodium impurity dt levels ranging from 0 to 6 ppm, and of strain rate on

the hot workability of A1-8.5% Mg alloys. Results of Phase I chemical

analyses at Martin Marietta Laboratories (the Labs) of the initial ingots,

using both ICP and atomic absorption (AA) techniques, revealed apparently very

high levels of sodium (, 100 ppm). After recasting with improved fluxing and

vacuum melting procedures, internal chemical analyses at the Labs still

revealed considerable scatter in sodium levels. Consequently, 6.3 cm

(2.5 in.) diameter disc specimens were machined from these ingots and sent to

Commonwealth Aluminum (CA) in Lewisport, KY, for analysis using optical

emission - spark discharge spectroscopy. No sodium was detected, with a

claimed resolution of better than 0.1 ppm. The subsequent work for Phases I

and 11 was performed using these ingots.

In Phase III assessment of the effect of sodium on workability, small

amounts of sodium dichromate (Na2 Cr207 o 2H2 0) were added to the alloy in an

attempt to adjust the soJium level to 0-6 ppm. This compound was selected

because chromium is used as an alloying element; the compound contains no

other elements that would be expected to influence workability. The water of



hydration, wnich s known to evolve at 1000C, was removed by preliminary

baking to inate the risk of explosion while adding the compound to the

melt. The compound Na2Cr2O7 is reported to decompose at 4001C; well below the

temperature of the molten alloy wnen added (720'C).

Standards for sodium in an Al-i0% Mg matrix were purchased from Alcoa

to calibrate and verify the analytical equipment. Chemical analyses were then

performed at the Laos, Commonwealth Aluminum (CA), and (when inconsistencies

again arose) at 'iaticnal Southwire Aluminum (NSA), as shown in Table Ill.

Both CA and NSA reported very high Mg values. However, these two companies do

iiot work with Mg levels in aluminum alloys above 5 and 7%, respectively, and

lack the appropriate standards for the quantification of Mg above these

levels.

A rolling trial was then conducted at the Reynolds Metals Company

Laboratory, in Richmond. VA, and samples of the ingots were chemically

analyzed using spark discharge spectroscopy. Sodium standards 1 and 2 showed

20 and 40+ ppm Na, respectively, whereas ingots 3, 4, and 5 all showed <1 ppm

Na, witn 8.5, 8.2, and 8.8% Mg, respectively. Other ingots with the sodium

dichromate additions also showed no detectable sodium ((1 ppm).

Subsequent discussions with Reynolds Laboratory personnel concerning

their experience with sodium-modified casting alloys containing silicon

suggested an alternative procedure for adding the Na to the Al-Mg alloy.

Sodium is added to Al-Si alloys to modify the morphology of the eutectic (Al-

Si)x clusters. Pure (dry) sodium wrapped in aluminum foil is vigorously

stirred into the melt using a graphite rod as a stir bar. With this method,

the level of Na added is typically several times greater than the intended

level in the ingot due to large melt losses.

Two enhanced-purity heats of 25 kg (55 lb) were made. For each heat,

sodium was added incrementally to the crucible following each pouring of the

melt into thick-walled mild-steel molds having an internal diameter of 10 cm

(4 in.) and a height of 25 cm (10 in.). In this way, the overall composition

of each casting would be maintained constant, except for varied sodium levels.

11
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The first melt (A) received sequential additions of 54, 23, and 52 mg of

sodium; the second (B) received 98, 49, 50, 50, and 50 mg.

The chemical analyses are given in Table IV.

Table IV

Chemical Analysis (wt%) of Al-Mg Alloys with Sodium Additions

Mg Mn Cr Si Fe Ti Na (ppm)

Melt A

"A 9.06 0.51 0.09 0.03 0.08 0.03 1

2A 8.98 0.53 0.09 0.05 0.08 0.03 1

3A 9.09 0.51 0.09 0.05 0.08 0.03 2

Melt B

1B 9.62 0.49 0.09 0.04 0.06 0.03 2

2B 9.41 0.49 0.09 0.04 0.06 0.03 5

3B 9.42 0.50 0.08 0.04 o.06 0.04 5

4B 9.61 0.49 0.09 0.04 0.06 0.03 8

5B 9.66 0.48 0.08 0.04 0.07 0.03 20

Although the planned sodium levels were 0-6 ppm, losses and possible

variations throughout each ingot caused some duplication and higher Na levels

were obtained. The magnesium levels appear erroneously high, since only 9.2%

was added to each melt and losses are known to occur during fluxing. A

problem with the standard used in the Mg analysis is the likely cause of this

discrepancy.

A preliminary assessment of the effect of strain rate on flow stress

and equivalent tensile strain-to-failure was made using hot torsion and hot

13



compression tes"ing at 427°C (8000F) with ingot 3 of the enhanced purity alloy

given in Table 1!1. This ingot was chosen because its sodium content (3 ppm),

considered Lte most accurate at the time of the study, might be the level

where tne Na begins to adversely affect workability in lower Mg-containing

aluminum alloys, as shown in Fig. 1. Selected specimens (0.6 cm dia. x

0.75 cm) were deformed in hot compression to compare flow stress values

ooctained under different stress states. The Von Mises criterion was used in

comparing the data. This ingot was later verified to contain . ppm Na. The

effect of strain rate on hot workability was again performed with an ingot

containing an actual sodium content of 2 ppm, namely ingot 3A.

D. ROLLING TRIAL

Four rectangular ingots (20 kg; -45 Ib), with nominal dimensions 19 x

10 x 43 cm (7.5 x 4 x 17 in.), of the enhanced-purity composition were cast in

a steel book mold. In two of the ingots, titanium was present as an

additional grain refiner. The chemical analysis of these ingots is given in

Table V.

Table V

Chemical Analysis of Rolling Ingots

Al Mn Cr Si Fe Ti Na

1 Bal 8.45 0.43 0.11 0.01 0.04 -- ND

2 Bail 9.21 0.56 0.11 0.02 0.08 -- ND

3 Bal 8.56 0.56 0.10 0.02 0.07 0.05 ND

4 Bal 9.19 0.53 0.09 0.02 0.06 0.08 ND

ND - none detected (< 1 ppm)

l14



The ingots were homogenized using the two-step treatment of 427 0C

(8000F) for 5 h plus 6 h at 4820C (900'F) that was found to be optimal. The

heat-up time of 6 h to bring the ingots to 4270C (8000F) and 2 h to 482 0C

(9001F) is an additional time not expected to greatly influence workability,

as demonstrated in Phase i1 of the program. Following homogenization, the

ingots were scalped to a thickness of 8 cm (3 1/8 in.) which was the maximum

roll separation available on the Reynolds hot rolling mill where subsequent

rolling was to take place. Discussions with Reynolds Labocatory personnel

suggested that scalping in excess of 1.2 to 2.5 cm (0.5 to 1 in.) off each

side is typical, even in continuous-cast material of high-strength aluminum

alloys. A mild 80-V taper was milled along the side edges and a partial 450

along the leading and tail edges of the ingots, as illustrated in Fig. 3.

This type of chamfering system has been previously documented within the

aluminum industry to reduce the tendency of some alloys to edge crack and

alligator during rolling. A small 2-mm-diameter hole was drilled in a side of

each ingot so that a thermocouple to monitor the temperature could be

attached.

The ingots were preheated to nominally 470°C (8750F), at which

temperature hot rolling was started. The temperature is on the high side of

the temperature range for maximum hot ductility, as determined from the hot

torsion tests, but was high to allow for cooling as heat is extracted into the

rolls. The rolling mill used was a four-high mill, where the diameter of the

working rolls was 20.3 cm (8 in.) and the back-up rolls - 61 cm (24 in.). The

reduction per pass was 3 mm (1/8 in.) or between 4 and 12% reduction depending

on thickness. The hot-rolling schedule is given in Table VI. When the plates

had been hot rolled to about 2.5 cm (1 in.), they were annealed at 470 0C

(875oF) for 1/2 hour, cooled to room temperature, and given several cold-

rolling passes as required for strengthening 5xxx series alloys. The

reduction used was 1.3 mm (0.05 in.) per pass or 4 to 6% reduction. The cold-

rolling schedule is given in Table VII.

15
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Fig. 3 Configuration and dimensions for rolling ingots
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Table VI

Hot-Rolling Schedule

Ingot Temp.,* Temp.f* Passes Thickness Reduction

(t) °C (OF) °C (OF) (M) cm (in.) (%)

470 (880) 4-u (75u) 2 7.3 (2 7,8) 8
455 (850) 375 (710) 2 6.7 (2 5,8) 16
472 (880) --- 6 4.8 (1 7/8) 40
465 (870) 3 4.8 (1 1/2) 52
460 (860) --- 3 2.9 (1 1/8) 64

2 465 (870) 407 (765) 2 7.3 (2 7/8) 8
-70 (875) 405 (760) 2 6.7 (2 5/8) 16
465 (870) 4 5.4 (2 1'8) 32
465 (870) 1

3 75 (885) 400 (750) 2 7.3 (2 7/8) 8
-60 (860) 388 (730) 2 6.7 (2 5/8) 16
457 1355) 382 (720) 2 6.0 (2 3/8) 24
;60 (860) --- 4 4.8 (1 7/8) 40
60 (860) 360 (680) 3 3.8 (1 1/2) 52

475 (882) --- 2 3.2 (1 1/4) 60
2 2.5 (1) 68

470 (880) 407 (765) 2 7.3 (2 7/8) 8
465 (870) L00 (750) 2 6.7 (2 5/8) 16
465 (870) 355 (670) 4 5.4 (2 1/8) 32
-65 (870) 3 3.8 1/2) 52

460 (860) --- 3 2.9 P 1/8) 64

I = initiai; f = final

17



* Table VII
Cold-Rolling Schedule

L n z a Fria -L Cold
.ngo T;ck<ness Thic-,ness Passes Reduction

t;~ 'Im n. cm ( in. MI) %

3.'8 (.25) 2.19 (0.86) 6 31

2 Crack~ed durIng hot rolling --

32.L;5 (0.97) 1.92 (0.75) 5 22

4 3.'8 (1.25) 2.32 (0.91) 5 27

18
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- . RESULTS

A. PHASE I

0s-cas: specimens of ooth enhanced- and standard-purity Al-8.5; Mg
d.ovs in-erweit hot-torsion testing at various deformation temperatures

-e-,ee:. 260 and 4713C (500-8800F) at a strain rate of 1.2 s- to determine a

tabe deformation temperature at which to assess the homogenization

* cditions. Equivalent tensile flow stress decreases monotonically with

increasing deformation temperature (Fig. 4) and there is a maximum in

equivaLent tensile strain-to-faiiure near 315'C (-6OO°F). Ductility is

c~early higher in the enhanced-purity alloy but flow stress is not

significantly affected by alloy purity. The microstructure of both the

commercial- and enhanced-purity alloys in the as-cast condition (Fig. 5)

consists of:

B(Mg 2Ai3 ) - Large rounded or irregular particles primarily
on boundaries with smaller particles within
the matrix; light white

MrAI or - Large blocky/angular particles formed as
(Mn, e)A'6  solid or hollow parallelograms; light grey

CrAI 7  - Needles or elongated polygons; light grey

FeAI 3  - Needle-shaped particles or clusters: a-ey

Mg2Si - Script eutectic structure; dark gray or black

As seen in the optical micrographs in Fig. 5, the enhanced-purity alloy

contains a lower volume fraction of constituent particles.

The variations in fiow stress and strain-to-failure with homogenization

temperature are shown in Fig. 6 for specimens deformed at 315 0C (6001F). Only

small changes are apparent in these parameters over the range investigated.

To evaluate the role of microporosity on the ductility, selected specimens

were hot isostatically pressed (HIPed) at 315 0C (600'F) and 207 MPa (30

ksi). The HIPed specimens showed an increase in strain-to-failure over

19
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Fig. 14 a) Equivalent tensile flow stress and b) strain-to-failure of as-cast

specimens deformed by hot torsion at various temperatures.
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HOMOGENIZATION TEMPERATURE ('F)
880 890 900 910 920 930 940

36
0 240

w 2 2 0  p32 '
0

0 W 200
28Urn

Wj 180 U,

>AI-8.5 wt.% Mg 2502

* 180 0 Enhanced purity
0 Standard purity

140 * HIPed high purity 20
TDEF = 315'C

*120- 1.2 s-1

I I I I I- -IS$470 475 480 485 490 495 500 505
HOMOGENIZATION TEMPERATURE (-C)

427--C

16 880 890 900 910 920 930 940 -0F)

1(b)

0.8-

-->
ZO_

.2

0.4-

HOMOGENIZATION TEMPERATURE (-C)
42711C L891 -6882'2a
16 h

Fig. 6 Effect of homogenization temperature on a) equivalent tensile
flow stress and b) equivalent tensile strain-to-failure for
torsion specimens deformed at 315OC(6O0oF).
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comparable non-HIPed specimens (Fig. 6), indicating that pore defects are

partly responsible for lowering hot ouctility. The flow stress and strain-to-

failure data of homogenized ingot sections from which hot-torsion tests were

conducted at 4270C (800'F) and an equivalent tensile strain rate of 1.2 s- 1

are shown in Fig. 7.

The enhanced-purity alloy showed superior hot workability at all

homogenization temperatures investigated. An initial homogenization treatment

at 4271C (8000F) for 1 h as performed to bring the nonequilibrium eutectic

6 pnase into solution. There was a small improvement in workability after a

second-stage homogenization at or above 471°C (8800F). Strain-to-failure of

the standard-purity material decreased with increasing homogenization

temperature and there was a significant areal fraction of quasi-cleavage

facets on the fracture surface. Little benefit was attained by increasing

either the homogenization temperature beyond 471 0 C (8800F) or the purity level

above that of the initial enhanced-purity alloy (0.049 to 0.011 wt% for Si;

0.086 to 0.044 wt% for Fe).

A similar study of the effect of homogenization temperature on strain-

to-failure was also conducted at an equivalent tensile strain rate of

0.1 s- . The enhanced-purity alloy again showed significantly higher levels

of Ef than the standard commercial-purity alloy (see Fig. 8). The lower

strain rate resulted in a substantially higher Ef (about fivefold) for each

purity level and a greater difference in Ef between the enhanced- and

commercial-purity alloys. At the lower strain rate, the hot ductility

improved slightly as the homogenization temperature was increased from 471 to

482 0 C (880 to 9000 F). Thus, the stage-2 homogenization at 482°C (900 0 F) was

selected for all Phase II research.

B. PHASE 1i

in Phase 1, the stage-1 homogenization at 427 0C (800°F) was performed

for 16 n to ensure that all B-phase (Mg2 AI3 ) had gone into solid solution

before the higher temperature stage-2 treatment was performed. The resulting

The Mg2 Al3 phase is sometimes written as MgsA1s; the composition
range of its existence is closer to the latter stoichiometry.
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Fig. 7 (a) Flow stress and (b) strain-to-fai lure variation with
homogenization temperature for hot torsion tests
conducted at 427*C (8OO*F). The results for 2 ingots
of each purity level are Dlotted.
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Fig. 8 Alloy purity and strain rate effects on equivalent tensile strain-to-
failure for specimens homogenized at different temperatures.
Homogenization temperatures are stage-2 for 8 h each and follow a
stage-i practice of 4271C for 16 h.
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liquation of the Mg2Al 3 would otherwise result in additional porosity upon

further homogenization. One goal of Phase II was to optimize the

homogenization times of both stages of the process. To simulate the stage-1

homogenization, sample blanks were homogenized at 427 0C (8000F) C r periods of

time ranging from 0 to 16 h.

Metallographic polishing and etching of these blanks revealed that all

the Mg2 Al3 phase had gone into solid solution within 4 h. Thus, the hot-

torsion specimens were subsequently given a 5 h homogenization at this

:emperature. Larger commercial-scale ingots may require longer humogenization

times because decreased cooling rates from the melt can result in coarser B

precipitates.

Stage-2 homogenization of hot torsion specimens was performed between 0

and 12 h in 2-h increments at 4820C (9000F). Little variation in 00 was

apparent with increasing homogenization time for specimens deformed at 427 0C

(800°F) and 0.1 s, as shown in Fig. 9. However, the Ef values increased

with homogenization time up to -6 h and leveled off thereafter, as shown in

Fig. 10. Thus, optimum hot ductility at this strain rate requires a minimum

of 6 h at 482'C. Metallographic examination of the homogenized structures

revealed that the increased ductility with homogenization time is accompanied

by the precipitation and coarsening of interdendritic MnAI 6 precipitates, as

shown in Fig. 11.

Hot rolling typically* is performed at as high a deformation

temperature as possible, without inducing hot shortness, to minimize the

required roll forces. The strain rate is also kept as high as possible to

maximize productivity. These two parameters generally affect the material's

flow stress in opposite directions. Hot torsion data for the enhanced-purity

alloy show a linear decrease in co with increasing deformation temperature at

strain rates of 0.1 and 1.2 s, - I as seen in Fig. 12, with the higher strain

rate showing higher a0 values.

* The commercial deformation temperature is also selected with
consideration of other variables such as surface finish, migration
of alloying elements to the surface, and oxidation behavior.
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increase up to - 6 h.
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;no~ ecreases monotonically with deformation temperature, Ef

sa Pea tetween 425 and 4bO C (800 and 850°F) (Fig. 13). The peak is

seer: at s m; ar temperatures at toth strain rates, i.e., 0.1 and 1.2 s, but

!j -ore t:orce& t 0.1 s, where the hot ductility is nigher. The rapid

decrease i z. as temuerature exceeds 460CC is not the result of incipient

me~ting ,nich, according to differential thermal analysis (DTA) and

differential scanning calorimetry (DSC) of' these Ai-8.5% Mg alloys, only

occurred above 5200C (.7°). Rater, according to fractographie examinaton,

the decrease in e, at higher temperatures and/or higher strain rates resulted

from the development of a significant areal fraction of quasi-cleavage

fracture as illustrated in Fig. 14. Cleavage failure modes are rarely seen in

face-centered cubic (fcc) metals such as aluminum alloys. The micromechanisms

for the appearance of quasi-cleavage in AI-8.5 Mg at these temperatures is not

yet clear but may be associated with stacking-fault energy effects, atomic

decohesion, enhanced localized slip, or solid (or liquid)-metal-induced

embrittlement from impurities such as Na, K, or Ca.

Vhe grain size of the alloys mentioned thus far in this study ranged

from 200-300 .m. With the addition of as little as 0.05 wt% Ti, the grain

size decreased to 50-100 Pm. Hot torsion tests of this Ti-containing alloy

snowed a lu% improvement in Ef, e.g., at 427°C (8000F) and 0.1 s, cf

increased from 2.9 to 3.2. Interestingly, the deformed hot torsion specimens

containing Ti had a considerably smoother surface topography than specimens

without it, as illustrated in Fig. 15. This improvement in surface quality

appears to be more than the small change in grain size would indicate and may

suggest a difference in slip mechanisms. This result may also imply that a

better surface quality can be obtained in the final rolled product.
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(a)

Fig. 15 Deformed hot torsion specimens of (a) enhanced-purity and
(b)enhanced-purity with 0.05 wt% Ti, showing that the rumpling of the
surface during deformation decreases with the addition of Ti to the
ingot.
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C. PHASE III

In this phase of the study the effects of sodium content and strain

rate on hot workability of enhanced purity Ai-8,5% Mg alloys were

investigated. Hot-torsion tests were conducted at a deformation temperature

of 42i°C kouuo) ana d -uiear strain rate of 0.1 s- j on alloys containing 0 to

20 ppm sodium by weight. The results, including the mean of three tests per

ingot, are summarized in Table VIII. The equivalent tensile flow stress did

not significantly differ with increasing sodium levels. Surprisingly, the

equivalent tensile strain-to-failure was also relatively unchanged by sodium

content (0-8 ppm), except at the highest value investigated (20 ppm), where it

appreciably declined (Fig. 16). Other 5xxx series alloys have been shown to

be affected at much lower sodium levels. However, hot working Al-8.5% Mg

alloys at much lower strain rates may minimize the relative sodium influence,

as will be discussed later.

The effect of strain rate on hot workability of the alloy was examined

using ingots of two different sodium levels, namely 0 and 2 ppm, the latter

being a commercially feasible level for an enhanced-purity alloy. In both

cases, flow stress increases linearly with increasing strain rate as shown in

Table IX and in Figs. 17 and 18. Also, in both cases the equivalent tensile

strain-to-failure increases with decreasing strain rate to a maximum at Insert

approximately 0.01 s-1 . The extremely low hot ductilities at the higher

strain rates were due to the development of a cleavage-type failure mode, as

was illustrated in Fig. 14. Excellent agreement between the flow stresses

determined using the hot-torsion workability simulations and hot-compression

testing is evident in Fig. 17.
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Table VIl

Hot Torsion Data for AI-8.5 Mg Alloys with Varying Na Content
(TDEF = 427°C, 0.1 s-')

Test SamDle Na Ef ef

(ppm) MPa (ksi) Mean

402 Al 0 85.5 12.4 2.37
* ,'0 1A2 0 90.3 13.1 2.39 2.64

423 1A3 0 91.7 13.3 3.17

403 2A1 1 86.2 12.5 2.63
411 2A2 1 88.2 12.8 1.79 2.17

* 424 2A3 1 92.4 13.4 2.08

401 3A1 2 85.5 12.4 2.27

404 3AI 2 2.73
412 IBI 2 86.2 12.5 3.10 2.57

0 405 IBI 2 93.1 13.5 2.26
413 IB2 2 86.2 12.5 1.25 + 2.0

425 1B3 2 92.4 13.4 2.48

406 2BI 5 91.7 13.3 2.56
414 2B2 5 88.2 12.8 2.32

426 2B3 5 89.6 13.0 2.11 2.76
407 3B1 5 90.3 13.1 3.27
415 3B2 5 84.1 12.2 3.46

427 3B3 5 91.7 13.3 2.83

408 4B1 8 87.6 12.7 2.73
416 4B2 8 88.9 12.9 2.84 2.68

428 4B3 8 93.1 13.5 2.48

409 5B1 20 89.6 13.0 1.99
417 5B2 20 88.2 12.8 1.49 1.91

429 5B3 20 90.3 13.1 2.25

* Test interrupted and continued
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Table IX

Strain-Rate Effects on Hot Torsion Study of AI-8.5% Mg
Tested at 427°C (800'F)

Test Sample Shear 00 Ef Ef

-( ) MPa (ksi) Mean

421 3A6 0.001 39.3 (5.7) 2.69

} 2.85
432 3A10 0.001 35.8 (5.2) 3.01

418 3A3 0.01 57.9 (8.4) 3.16

} 3.51
431 3A9 0.01 60.0 (8.7) 3.86

422 3A7 0.05 85.5 (12.4) 2.74 2.74

401 3A1 0.1 85.5 (12.4) 2.27
404 3A1 0.1 -- 2.73 1 2.70
412 3A2 0.1 86.2 (12.5) 3.10

419 3A4 1.0 134.4 (19.4) 1.20 1.20

420 3A5 5.0 160.6 (23.3) 0.50
I 0.47

430 3A8 5.0 167.5 (24.3) 0.45
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Fig. 16 Equivalent tensile flow stress a) is unaffected by Na content and
equivalent tensile strain-to-failure b) decreases above 10 ppm Na in
hot torsion tests of 1l-8.5Mg alloys tested at 4270C and a shear
strain rate of 0.1 s-
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D. ROLLING STUDY

Ennanced-purity ingots of the Al-8.5% Mg alloy were rolled using the

optimized homogenization conditions, deformation temperature, and strain rates

determined in the first three phases of this study. The hot-rolling schedule

was summarized in Table VI. Because the rolls were not heated and the strain

rate was kept low, significant heat was lost during each pass on these

laboratory-scale ingots. For example, the imbedded thermocouples recorded a

temperature drop of approximately 50'C (120'F) in two passes. [Note: The

slabs were reheated every two passes to keep the working temperature within

the optimum range]. After two or three such roll/reheat cycles, the cast

structure was partially broken down four to six subsequent passes were

successfully made before reheat. Thus, at this stage, a temperature drop .u

excess of 1001C (1SO°F) is tolerable. During the first pass of each ingot,

large edge cracks that were several centimeters deep opened up at the drilled

thermocouple hole; the remainder of the slab was almost free of edge cracks.

These cracks, which nucleated at defects or stress concentrators, primarily

showed the "cleavage" fracture morphology that was seen in hot-torsion

specimens deformed at high strain rates. This result is significant in that

it indicates the sensitivity of the alloy to cracking induced by preexisting

defects during the hot rolling process. Microporosity is believed to have

initiated small surface defects during the first pass and subsequently become

rolled out, resulting in a checked surface appearance on some plates.

Ingots hot rolled successfully using the optimized conditions

determined from the hot torsion tests. Because the as-cast structure was

partially broken down after the first few passes and small internal defects

such as micropores might have healed, ingot #2 was rolled at the more typical

commercial rolling speed corresponding to a strain rate of 1.2 s- 1 after 50%

hot reduction. In just one pass at this speed the plate cracked severely, not

only at its edges but also across its entire width and nearly through the

entire thickness with a spacing of approximately 2 to 6 cm. Figure 19 is a

photograph of this slab next to one of the other three that rolled
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10 cm

0

0]

Fig. 19 Photograph of Al 8.5%Mg plate that was rolled at the optimum
conditions determined from the 1ot torsion tests (left) and plate
rolled at a strain rate of 1 s- , which cracked severely.

42



successfully. Scanning electron microscopy of the fracture surface from this

rolled plate shown in Fig. 20 reveals a cleavage-type morphology, as in the

hot-torsion samples tested under these conditions.

The hot-rolled plates at nominally 2.5 cm (1 in.) thickness were

annealed at 450'C (850'F) for approximately 0.5 h prior to providing several

cold roiling passes as summarized in Table VII. Although this study did not

involve an optimization of cold-rolling parameters, the plates did cold roll

successfully but with a few difficulties that will require further

attention. Because of the extremely high work-hardening rates of these high

magnesium-containing aluminum-based alloys, small reductions had to be taken

on the relatively small rolling mill to keep it from stalling. On the final

passes, "alligators" occasionally nucleated where the ends were folded during

hot rolling, or in some cases, at the edge cracks initiated by the

thermocouple hole. Such alligatoring in the cold-rolling stage could be

avoided by remachining or shearing a camber or V section on the leading edge

of the plate after the final hot rolling. This procedure as well as

decreasing reduction per pass have been patented for commercial practice (R.N.

Mitchell, British Patent #1261q042, to Reynolds, 1969, W.L. Otto, et al., US

Patent #4,584,862, 1986, W.L. Otto, et al.,US Patent #4,593,511, 1986).
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Fig. 20 Scanning electron micrograph showing a quasi-cleavage fracture mode
in rolling ingot -2 which was rolled at a strain rate of -1 si
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Hot-torsion testing of enhanced- and standard-purity variants of

Ai-8.5 Mg alloys in both as-cast and homogenized conditions showed that the

enhanced-purity alloy had superior hot workability at all deformation

temperatures and strain rates investigated. A cost premium of 0.0201 $/kg*

for increased purity raw materials would be incurred in the commercial casting

of this alloy. The enhanced purity levels of Fe and Si impurities

investigated are readily producible. Typical aerospace and aircraft alloys

specify tighter impurity and hydrogen tolerances. This additional initial

cost for the higher purity would likely be compensated for by reduced

material-scrap losses resulting from edge cracking during rolling. In

addition, the higher purity variant will likely have improved fracture

toughness at ambient temperature as has been demonstrated for enhanced-purity

7xxx series alloys.
( 12 )

The Fe and Si impurities in the standard-purity alloy form a

significant volume fraction of secondary insoluble constituent phases that can

act as nucleation sites for cracks. In particular, at the higher rolling

speeds used in commercial practice, quasi-cleavage cracks can form at these

constituent particles and propagate unstably over considerable distances in

the rolled plates.

Homogenization treatments do not affect the constituent phases

containing Fe and Si but act to:

o Bring into solid solution the nonequilibrium eutectic

phase: stage-i, 427 0C (8000 F) for > 5 h

o Provide a uniform distribution of unbound soluble elements

e.g., Mg

o Precipitate Mn atoms in a fine interdendritic

dispersion of MnAI 6 from the supersaturated solid

solution.

* 0.3241 $/kg (enhanced) vs 0.3040 $/kg (commercial)
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Stage-' homogenization acts, to some extent, on all three processes and the

stage-2 homogenization treatment (4710 C, 900°F for , 6 h) brings the final two

processes to a point where hot ductility is maximized in the minimum amount of

time. Since Mg is a potent solid solution strengthening element in aluminum,

hardness increases during stage-1 homogenization as seen in Fig. 21. The

precipitation of MnAI 6 particles can also contribute to the increase in

hardness with homogenization time.

Previous studies on Al-Mn alloys have shown that Mn in solid solution

can have a deleterious effect on hot workability "( 13 ) This is consistent with

the increase in strain to failure with homogenization time seen in Fig. 10,

and the corresponding optical micrographs in Fig. 11 showing the precipitation

and coarsening of the interdendritic MnAl6 for the Al-8.5% Mg alloy. Lee and

Wu( 14 ) conducted hot torsion tests on an Ai-4.85% Mg alloy containing 0.7%

Mn. They concluded that coarsening of a uniform distribution of the Mn-

containing dispersoids is necessary for improved hot ductility and,

furthermore, that Si impurities impair ductility by leading to Mn

microsegregation.

Hot working of aluminum alloys, which typically have high stacking-

fault energies, proceeds by way of a dynamic recovery mechanism in which

dislocation interactions (e.g., glide, climb, cross-slip, and annihilation)

lead to a subgrain network. Recently, dynamic recrystallization has been

suggested to occur in high Mg-containing aluminum alloys such as

Al-4.4OMg-0.7%Mn-0.15%Cr alloy 5083 ( 15). Relatively large particles (>0.6wm),

e.g., MnAI6 , are required to initiate dynamic recrystallization by

concentrating strain in the region around the particle to serve as a driving

force for the recrystailization. In addition, the lowering of the stacking

fault energy by Mg contributes by promoting the formation of partial

dislocations, which are less mobile than non-dissociated dislocations and

consequently cannot readily climb to relax strain around the particle.

The equivalent true stress-strain curve of an alloy exhibiting dynamic

recovery rises monotonically to a relatively high strain level, whereas during

dynamic recrystailization, there is a gradual decline in stress following the

peak flow stress. The latter is seen in the AI-8.5% Mg alloys in this
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Fig. 21 Hardness increases with stage-i homogenization time as increased Mg
goes into solid solution and submicron MnAI 6 precipitates from
supersaturated solid solution.
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investigation, as reflected in the raw data (previously provided to AMTL).

However, this does not unambiguously demonstrate dynamic recrystallization

since both texture development and flow localization have been suggested to

yieid similar curves. (16)

Longitudinal sections across deformed hot torsion samples were

mezailographically polished, anodized, and viewed under polarized light as

shown in 77Fg. 22 to furtner investigate the occurrence of dynamic

recrystallization in AI-8.5% Mg alloys. Fine, recrystallized grains are

evl:ent in the hignly ieformed outer region of the specimen with no

recrystallization near tne central neutral axis. Whether this

recrystallization was dynamic or static is not certain because several seconds

were required to move the furnace prior to quenching, and static

recrystalization migi have occurred during that period.
To determine which type of recrystallization occurred, precise

transmission electron microscopy would have to be performed to determine

whetner substructure, i.e., subgrain or extensive dislocation networks, are

present in these grains. Recrystallized grains that are devoid of

substructure are statically recrystallized. Those containing substructure are

dynamically recrystallized.*

The activation energy, Q, of the hot-deformation processes involved

during dynamic recovery of aluminum alloys is nominally the same as for

lattice seit ffusion at temperatures above 60% of the absolute melting

temperature (150-160 kJ/mole). For the AI-8.5% Mg alloy, Q was calculated

from the creep power law:

A0on exp (-Qi'RT)

using the data from Fig. 12. This gave Q = 185 kJ/mole at 400 0C and

Or "continuously recrystallized" in which case relatively
low-angle boundaries slide during deformation in a manner that
increases the angle of misorientation, thereby forming high
angle grain boundaries in a "continuous" fashion.
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2'8 KJ mole at -. 5 C . Higher than expected values of Q have been reported in

Al-Mg. alloys because of their exceptional elevated temperature strength; that

s, Mg atoms in solid solution can interact with dislocations that impede

:neir motbon"'7' Because Q changes with deformation temperature, the rate-

controlling process in the deformation mechanism changes with temperature.

i'his may result from the dominance of one of competing processes such as

dynamic recovery and dynamic recrystallization in a particular temperature

regime. Alternatively, different rate-controlling processes may be involved

in the different temperature regimes.

It is interesting to note that the change in Q with temperature results

in the linear temperature dependence of flow stress seen in Fig. 12. The

corresponding strain-to-failure shown in Fig. 13 has a peak in hot ductility

between about 425 and 460°C. As in other alloy systems, ductility generally

increases with increasing deformation temperature since dislocation motion

becomes easier and other non-conservative dislocation mechanisms such as

climb become operational. The decrease in strain-to-failure above 4600C is

not the result of incipient melting, as evidenced by DSC results, but rather

by the transition to a quasi-cleavage failure mode. This transition may be

related to the relative contributions of dynamic recovery and dynamic

recrystailization as follows. During dynamic recrystallization, subgrain

boundaries and dislocation arrays (to which Mg or impurity atoms such as

sodium or hydrogen may have migrated) are annihilated. Crack nuclei that have

formed on these substructural features could be rendered ineffective by the

annihilation of the preferred fracture path and may heal or become blunted

during subsequent deformation ( 18 )
. At higher temperatures, in which

sufficient high localized dislocation densities have not been generated to

promote dynamic recrystallization, or at higher strain rates where the

kinetics of boundary migration are too slow, these crack nuclei would likely

propagate catastrophically. This is consistent with the observation of quasi-

cleavage at the higher deformation temperatures and strain rates.
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The strain-rate sensitivity (m) was calculated from data in Figs. 17

and '8:

d In j
m =-d-i- at constant temperature

The value of m was found to vary with strain rate; at = 1.2 s- I 0.11;

at E = 0.1 s m = 0.21; and at E = 0.0012 s i 0.27. With decreasing

strain rate, the strain-rate sensitivity of the alloy is rapidly approaching

the values required for superplastic behavior (>0.4). McNelley, et. al.,(19)

have, in fact, demonstrated superplastic behavior in thermomechanically

processed AI-10% Mg alloys at strain rates as high as 0.002 s- 1 at 300 0C after

warm rolling and annealing to obtain a finely recrystallized structure

containing homogeneously distributed B and MnA1 6 precipitates. However, for

superplastic deformation to take place at the warm-working temperature

specified, the initial hot-working step was still required. Nevertheless,

with the appropriate microstructure, and at low strain rates, AI-8.5% Mg

alloys can obtain high hot-ductility.
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V. SUMMARY

Hot-torsion testing was used to optimize the hot workability of an

A!-8.5% Mg alloy with respect to alloy purity, homogenization practice, hot-

working temperature, strain rate, and sodium content. Using the results of

this hot-workability simulation, trial rolling was conducted with laboratory-

scale ingots to verify these parameters and to provide AMTL with material for

further study.

The main results from this investigation are:

" The enhanced purity composition with a Ti addition (Al-8.5Mg-

0.5Mn-O.lCr-O.O5Si-O.O5Fe-O.OlCu-O.OlZn-O.O3Ti with reduced Fe,

Si, Cu, and Zn) provides improved hot ductility. This high

Mg-containing alloy was shown to be extremely defect sensitive

during hot working and the constituent particles formed from the

impurity elements may act as preexisting defects.

o The optimum homogenization practice consists of holding at 427oC

(8000F) for /5 h to bring into solution the B phase (Mg2 Al3 )

followed by 26 h at 4820C (9000 F). This two-stage homogenization

provides a reasonably uniform solid solution of the soluble

elements such as Mg, which form a cored structure during

solidification, and precipitates a fine interdendritic dispersion

.f X.M...6, thereby removing Mn atoms from where they have been

reported to impair hot ductility.

" The deformation temperature for maximum hot ductility is between

approximately 425 and 460 0C (800 to 850'F). The decline in

strain-to failure above 460°C is not the result of incipient

melting in this alloy but the transition to a quasi-cleavage type

of fracture mode.

o The areal fraction of quasi-cleavage facets on the fracture

surface increases with increasing strain rate.
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o CommercLal Ai-Mg alloys are typically hot worked at a mean

equivalent strain rate of about 1.2 s- I for maximum

productivity. The AI-8.5% Mg alloy in this study must be worked

at a lower strain rate of approximately 0.1 s- 1 to obtain

reasonable hot ductility and thereby minimize edge cracking.

o For this hign Mg-containing aluminum alloy, sodium from

0-8 ppm does not appear to greatly affect hot workability at

the lower strain rates needed to maintain good hot ductility

(0.01-0.1 S-1). At 20 ppm Na, a significant reduction in

strain-to-failure was observed.

o Laboratory-scale ingots were successfully rolled with minimal edge

cracking using the enhanced purity material, homogenization

parameters, deformation temperatures, and strain rates determined

from the hot-torsion workability simulation. Thus, the hot

torsion results were corroborated by actual rolling experiments.

Cold rolling passes performed following hot rolling resulted in

some tendency toward alligatoring.
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VI. CONCLUSIONS

Hot torsion results for the A1-8.5% Mg alloys were conducted from which

the following conclusions were made:

0 The enhanced-purity variant containing Al-8.5Mg-O.5Mn-O.lCr-O.O5Si-O.O5Fe-

O.O1Cu-O.OlZn-O.O3Ti demonstrated significantly higher hot ductility than

standard purity with no change in flow stress.

0 The optimum homogenization practice consists of soaking at 427 0C (8000F)

for -5 h plus 4820 C (900 ° F) for -6 h.

o The optimum hot-working temperature is between 4270 and 460 0 C (800-8500F)-

0 Sodium levels between 0 and 8 ppm do not affect hot ductility at the

optimum strain rate and deformation temperature.
0

0 As C decreases from 7 to 0.01 s- , Cf increases from 0.2 to between 3.5

and 4.2 depending on Na level, and ao decreases from 170 to 35 MPa (25 to

5 ksi).

0 In this alloy system, high strain rates or deformation temperatures lead

to a quasi-cleavage failure mode. Edge cracks with this fracture

morphology propagate from impurity-related defects.

o Trial rolling of laboratory-scale ingots showed minimal edge cracking when

hot rolled using the optimized parameters determined from the hot-torsion

tests.
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VII. RECOMMENDATIONS

The defect sensitivity of these AI-8.5%Mg alloys suggests that further

worK is needed to assess the use of the recommended hot working parameters on

scaled-up ingot sizes cast continuously. However, book or permanent mold

castings uf nigh strength aluminum alloys are frequently found to have higher

levels of shriikage porosity and other defects than continuously cast

material. The larger ingots would retain heat over more passes than the

smaller laboratory scale castings and, thus, may require fewer reheat cycles

although a relatively slow strain rate will still be required, decreasing the

throughput and increasing production costs. A detailed study of the cold

rolling parameters is also needed to minimize the alligatoring and cold

tearing which was seen in some cases in the present study.

A detailed, fundamental investigation of the causes of the brittle

quasi-cleavage failures observed during the higher strain rate or high

temperature deformation is also recommended. Studies on this failure mode,

rarely seen in aluminum alloys, may lead to not only interesting scientific

information (such as altered dislocation and slip processes or liquid metal

embrittleement components), but also further insights into altered processing

parameters for increased productivity.
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